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Abstract—The auxiliary management and control channel
(AMCC) is an extra channel transmitting control and management
signal to not change the GPON frame and reduce the PON system
latency. In this paper, we demonstrate AMCC for control infor-
mation transmission in a coherent frequency division multiplexing
passive optical network (FDM-PON). In our work, we introduce
the multiplication scheme of digital AMCC signal superimposition
theoretically and show that the multiplication scheme can maintain
a high signal-to-noise ratio (SNR) for the main signal. Thus, we
apply the multiplication scheme for the AMCC signal superim-
posed to the coherent FDM-PON. In addition, we propose a novel
extraction algorithm without interference cancellation to detect the
AMCC signal. A 4-band coherent FDM-PON system with a total
data rate of 100 Gbps and a 24 Mbps non-return-to-zero (NRZ)
signal is demonstrated both through simulation and experiment.

Index Terms—Coherent frequency division multiplexing passive
optical network (FDM-PON), auxiliary management and control
channel (AMCC).

I. INTRODUCTION

W ITH the global deployment of the fifth-generation (5G)
mobile communication network, the passive optical net-

work (PON) with higher data transmission rates, wider coverage
and lower latency has been studied to meet the requirements
of new services such as cloud services, virtual reality (VR)
applications and edge computing [1]. However, traditional PONs
based on intensity modulation and direct detection (IM/DD) in
the physical layer struggle to meet the rapidly growing demand
due to issues such as challenging fiber dispersion processing, low
sensitivity, limited modulation dimension, and complex channel
selection [2]. Therefore, coherent PON is considered as a more
advantageous candidate [3]. The coherent PONs can achieve
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linear conversion of the optical field and modulate/detect the am-
plitude, phase, and polarization of the optical signal [4]. Firstly,
standard dual-polarization coherent receivers are used to detect
local oscillator (LO) signals with high receiver sensitivity in co-
herent PONs, enabling a sufficient power budget with moderate
transmit power [5]. The increased sensitivity in coherent PONs
is achieved by purely amplifying the signal using LO power, as
opposed to IM/DD systems. The additional power budget can
expand the coverage range and/or support more connected users.
Secondly, while the C-band offers the least transmission loss,
C-band signals are prone to dispersion, which can be challenging
to compensate for in an IM/DD system. Coherent PON systems
can alleviate the dispersion problem through the use of digital
signal processing (DSP) algorithms [6]. Moreover, in coherent
PONs, the use of higher-order modulation formats with lower
transceiver component bandwidths is allowed by utilizing the
four degrees of freedom of data transmission (in-phase and
quadrature modes in both x-y polarization states) [7].

In the traditional time-division multiplexing passive optical
network (TDM-PON), the discovery and registration process
between the optical line terminal (OLT) and optical network
unit (ONU) is achieved through the exchange of multi-point
control protocol (MPCP) messages [8]. The registration pro-
cess in traditional TDM-PON requires a quiet window, which
will increase the overall latency. However, high-speed coher-
ent PONs demand strictly low latency in 5G [9]. In order
to solve the latency problem caused by the quiet window in
TDM-PON, wavelength-division multiplexing passive optical
network (WDM-PON) is the most favored candidate for 5G
mobile fronthaul [10]. Coherent frequency-division multiplex-
ing passive optical network (FDM-PON) is a similar scheme
which is frequency multiplexing based on several subcarriers
[11]. Coherent FDM-PON allows the adjustment of processing
capacity and minimizes the required bandwidth at the ONU
side, while still maintaining a large aggregated throughput per
wavelength to save spectral occupancy. In coherent FDM-PON,
all traffic flows are transmitted in parallel on different subcar-
riers. Several subcarriers can be grouped per wavelength into a
subchannel with different modulation/coding formats, and the
data rate of each subcarrier can be utilized, resulting in high
subcarrier utilization [12], [13].

In WDM-PON, there is no channel to transmit the control
signal. In the point to point (PtP) WDM-PON part of next
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generation (NG)-PON2, an additional control channel called
auxiliary management and control channel (AMCC) is needed
to convey wavelength assignment and allocation information
and operation administration and maintenance data, enabling
flexible and low-latency network management. AMCC is one of
the transportation options for the physical layer operation, ad-
ministration and maintenance channel [14], which is a message-
based operation and management channel between OLT and
ONUs that supports the PON transmission convergence layer
management functions [15]. The AMCC signal is added to each
individual wavelength in both, downstream and upstream with
the low-speed non-return-to-zero (NRZ) signal. For the case that
the WDM-PON system has to transparently transport a payload
bitstream, without terminating any part of its frame structure,
the AMCC signal has to be superimposed to the main signal
at the same wavelength with only minor interference of the
AMCC and the payload data. And the embedded communication
protocol is standardized in the ITU-T G.989 series [16]. A
number of previous studies have confirmed the feasibility of
AMCC in WDM-PON. For example, AMCC is used to achieve
wavelength control in WDM-PON systems [17], [18], [19], [20],
[21]; an AMCC-managed WDM-PON system is proposed for
ONU activation, wavelength adjustment, and monitoring in [22],
[23]; and AMCC can be used to reduce the power penalty [24].
In addition to exploring the application scenarios of AMCC, the
generation and extraction of AMCC signal is also an interesting
research topic. In [25], AMCC signal is realized by controlling
the DC bias of the Mach-Zehnder Modulator (MZM) to add
the NRZ signal to the main signal of WDM-PON. Moreover,
an algorithm that reconstructs PON by analyzing the nonlinear
modulation characteristics, eliminating interference between
AMCC and the main signal is proposed at the receiver side.
[26] provides another method for AMCC signal generation by
using a semiconductor optical amplifier (SOA) to control the
amplitude of the main signal of WDM-PON and utilizes a 3-step
moving averaging method based on the DSP block to extract the
AMCC signal from the superimposed signal. The two methods
above are realized by operating on hardware, such as MZM and
SOA. Referring to control information transmission in coherent
FDM-PONs, we believe that AMCC can be a candidate for the
requirement of low latency [27]. However, to our knowledge, no
experiments have yet demonstrated the feasibility of AMCC in
coherent FDM-PON. In coherent FDM-PON, AMCC can trans-
mit control information simultaneously with the data channel
without additional bandwidth resource, enabling flexible and
low-latency network management. Moreover, due to the lower
bandwidth of AMCC, which makes a low impact on the data
channel.

To further solve this problem, recently we proposed applying
the AMCC to the coherent FDM-PON system by periodically
adjusting the amplitude of the main coherent FDM-PON signal
in the transmitter-end DSP and demonstrated a 4-band coherent
FDM QPSK PON with the NRZ-AMCC signal. This paper is
an extension of the previous report in OECC 2023 and some
of the results have been presented during the conference [28].
Here we further discuss details of the configuration, the principle
of the superimposition scheme of AMCC and the main signal,
and key DSP functions of the AMCC signal including absolute

rectification, time-domain waveforms smoothing, and energy
detection. We add a VPIphotonics Design Suite simulation
system to validate the feasibility of the coherent FDM-PON
system, conduct a thorough analysis of the implementation of
AMCC bandwidths at both 100 kbps and 200 kbps and analyze
the performance results of the main signal and AMCC signal
in the simulation system. Additional experimental results on
larger modulation index (MI) [26] are added in this paper. As
we have demonstrated in [28], the efficiency of the AMCC in co-
herent FDM-PON and the overall performances under different
test conditions are verified, and the performance is improved
by applying the novel superimposition scheme and extraction
algorithm. As a proof-of-concept, we have achieved a 4-band
100 Gbps coherent FDM QPSK PON system with a 24 Mbps
NRZ-AMCC signal and analyzed the system performance at
different MI in the simulation and experimental demonstration.

II. PRINCIPLES

Coherent FDM-PON can be implemented using Nyquist
digital subcarrier modulation (SCM) techniques. Through this
modulation, coherent FDM-PON allocates a unique frequency
to each user on a single wavelength, allowing it to conserve
wavelength resources and meet the requirement of high-capacity
networks.

The schematics of the coherent FDM-PON with AMCC is
shown in Fig. 1. Only one wavelength is used in the FDM-PON
architecture. In the downstream, OLT broadcasts the same sig-
nals to 4 ONUs. Each ONU obtains the corresponding sub-band
signal through frequency shifting and matched filtering. The
main information for each user is modulated into the corre-
sponding subcarrier. Then the main signal is loaded with the
AMCC signal by adjusting the amplitude of the main signal. In
other words, the AMCC signal is loaded onto the main signal
by multiplication. The superimposed signal is represented as:

s(t) =

3∑
k=0

xk(t)yk(t)e
j2πfkt, (1)

where xk(t) and yk(t) are the main signal and AMCC signal,
respectively, and fk is the center frequency of kth sub-band. In
this paper, the center frequencies of 4 sub-bands are −15 GHz,
−5 GHz, 5 GHz and 15 GHz, respectively. yk(t) is expressed
as:

yk(t) =
∑
m

bmk Π(t−mTAMCC), (2)

where TAMCC is the AMCC signal period, Π(t) represents the
rectangular shaping pulse and bmk is the AMCC symbol.

bmk =

{
1, bit′1′

1− α, bit′0′, (3)

where α ∈ (0, 1) is the amplitude modulation index (AMI). As
AMI increases, the main signal SNR decreases but the AMCC
SNR increases. The SNR of the superimposed signal in this case
decreased to:

SNR =
Ps/2 + (1− α)2Ps

/
2

PN
, (4)
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Fig. 1. (a) Architecture diagram of FDM-PON with AMCC. (b) The Rx DSP of the AMCC signal.

where Ps is the power of the original main signal without
AMCC, PN is the power of the noise. The power of the super-
imposed signal decreases because the peak power of the system
is limited.

MI is denoted in (5). As MI increases, the amplitude of the
AMCC signal grows, leading to a higher SNR for the AMCC.
Meanwhile, the SNR of the main signal decreases. MI should
be set to a compromise value where the AMCC signal can be
demodulated without significantly affecting the SNR of the main
signal.

MI[%] =
Pmax − Pmin

Pave
× 100, (5)

where Pmin, Pmax and Pave referring to the maximum, mini-
mum and average power values of the envelope of the overmod-
ulated PtP signal [26].

In Fig. 1, the AMCC signal is used to transmit management
and control information between the OLT and the ONU in both
the upstream and downstream. This enables efficient utilization
of the available bandwidth in the network, allowing multiple
ONUs to simultaneously transmit and receive data over a sin-
gle fiber using different frequencies and providing low latency
transmission. Compared with the main signal of a high data rate,
the AMCC signal is a narrow-band NRZ signal of a quite low
data rate. Note that the AMCC signal is generated for each user
(sub-band) separately.

At the receiver end, after re-sampling and down-conversion,
we process the received signal in two separate branches, i.e.,
the AMCC signal DSP and the main data DSP. At the branch
of AMCC signal DSP, we first take the absolute value of the
receiver signal to get the rectification signal. The rectification
AMCC signal after taking the absolute value is represented as:

uk[n] = |rk[n]| (6)

where rk[n] is the AMCC signal of k subcarrier after re-sampling
and down-conversion.

After absolute-value rectification, the signal is filtered by a
smooth filter. The AMCC signal after the smooth filter is:

vk[n] = uk[n]⊗ h[n] (7)

where h[n] = 1
N , n ∈ {0, 1, . . . , N − 1} is the formulate of the

smooth filter, ⊗ is the discrete-time convolution operation.
Then we calculate the energy of each NRZ symbol period:

wk[m] =

(m+1)NT∑
n=mNT+1

|vk[n]|2 (8)

where NT represent the number of sampling points for one
symbol period of AMCC signal.

At last, the discrete points after energy detection are decided
as NRZ symbols:

ak[m] =

{
0, wk[m] < Ed

1, wk[m] ≥ Ed
(9)

where Ed is the decision threshold energy of the signal.
By using the multiplication method to superimpose AMCC

onto the main signal, the main signal does not need to be elimi-
nated during the demodulation of the AMCC signal. This means
that the demodulation of the AMCC signal and the demodulation
of the main signal can be done in two independent branches.

III. NUMERICAL SETUP AND RESULTS

Initially, the coherent FDM-PON system is numerically simu-
lated to verify the rationality of the system. In the simulation, we
investigate the effects of different received optical power (ROP)
and MI on the performance of the main signal and NRZ signal,
respectively.

A. System Model Setup

The simulation setup for the 100 Gbps 4-band coherent FDM
QPSK PON system superimposed with 100 kbps AMCC signal
is shown in Fig. 2. We simulate the system in commercial optical
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Fig. 2. Simulation setup of 100Gbps coherent FDM PON system.

Fig. 3. The QPSK signal results of (a) BER versus ROP under 20-km SMF
transmission; (b) penalty versus MI.

simulation software VPIphotonics Design Suite. The parameters
of the simulation are summarized in Table I. To explore bits of
NRZ signal to ensure the AMCC symbol rate of 100 kbps and en-
sure the allowable number of symbols of the simulation system,
we select 1048576 number of symbols. In the DSP for generating
the AMCC signal, we selected a 16 bits NRZ signal. The choice
of the number of symbols will impact the processing speed of
the simulation system, and with the selected number of symbols,
the system takes more than half an hour to complete each run.
On the transmission side, the generated continuous-wave (CW)
lightwave with 14 dBm optical power is generated by a laser.

TABLE I
PARAMETERS OF THE SIMULATION

Then the generated CW lightwave is sent to the polarization
controller and divided into two polarizations, x-polarization and
y-polarization. The CW lightwave after polarization splitting
passes through the I/Q modulations which are driven by a 6.25
GBand polarization division multiplexed (PMD)-QPSK signal
to conduct the I/Q modulate. The optical signal transmits through
20-km fiber after the polarization combination. On the receiver
side, the optical signal after fiber transmission is sent to the
variable optical attenuator (VOA) to adjust the ROP. The LO
lightwave with the same optical power as the transmission CW
lightwave is generated by another laser. The received optical
signal and LO are divided into two polarizations separately
before passing through the optical hybrid which generates four
optical signals with a 90-degree angle phase difference. Then
the optical signals are detected by four balanced photodiodes
(BPDs) with 1 A/W responsivity. After BPD detection, the
electrical signals are amplified by transimpedance amplifier
(TIA) with 1000 ohms transimpedance. Finally, the signals are
sampled by four analog-to-digital converters (ADCs) with an
8 bits resolution, and then conduct the offline DSP. In this
simulation system, the transmission QPSK signal is generated
by mapping the original signal, upsampling 16-time and I/Q
separation [29]. For receiver offline DSP, splitting the main
signal and NRZ signal is performed after re-sampling and
down-conversion. For the NRZ signal, take the absolute rec-
tification before passing through a smooth filter. Then calculate
the energy of each signal period for further signal decision. For
the main signal, chromatic dispersion compensation (CDC) is
conducted before fast square-timing-recovery algorithm-based
clock recovery [30]. Then, the constant modulus algorithm
(CMA) based on the 25-tap T/2-spaced is performed to recover
the multi-modulus and demultiplex polarization of the retiming
signal [31]. After CMA, frequency offset estimation (FOE) and
carrier phase estimation (CPE) are carried out to recover the
frequency and phase [32]. Finally, the recovery signal is sent
to QAM demodulation and bit-error-ratio (BER) calculation
after T-spaced decision-directed least-mean-square (DD-LMS)
equalization [33].
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Fig. 4. AMCC signal results of (a) the Q versus AMCC symbol rate; (b) the Q versus MI; (c) the Q versus ROP.

Fig. 5. Experimental setup for coherent FDM PON with AMCC. (a) and (b) are the Tx and Rx DSP; (c) the waveform diagram in the time domain; (d) the
spectrum of the 4-band FDM-PON signal.

B. Simulation Results

First, the performance of the main signal with different MI
and ROP is studied in the simulation. The BER versus ROP
of the main signal under 20-km single-mode fiber (SMF) with
different MI is shown in Fig. 3(a). In the simulation, the LO
optical power level is fixed at 14 dBm. The ROP is adjusted
by VOA to get the BER threshold of 1E-2 and 1E-3. In all the
tests, as the MI increases the ROP of the main increases. The
sensitivity of the signal is the minimum optical power received
when the BER reaches the threshold of 1E-2 or 1E-3. The ROP
is about −37.5 dBm and −34.8 dBm when MI is 5.13% at
the threshold of 1E-2 and 1E-3 respectively. When the MI is
66.67%, the ROP increases to−34.4 dBm and−31.1 dBm at the
threshold of 1E-2 and 1E-3 respectively. (i), (ii), (iii) in Fig. 3(a)
are constellation charts of the main signal with 0, 22.22% and
50.00% MI under 20-km SMF. In addition, the penalty is larger
with MI increasing. Fig. 3(b) shows the penalty of the main
signal versus the MI. From the figure, we notice that the penalty
under 20-km SMF transmission is slightly higher than that under
back-to-back (BTB) fixing the specified BER threshold.

The value of Q can represent the performance of the AMCC
signal. As the value of Q increases, the performance is much
better. In the simulation, we test the value of Q versus AMCC
symbol rate, as shown in Fig. 4(a). We conduct a study on the Q
values in a lower AMCC data rate, considering both 100 kbps

and 200 kbps data rate. In the simulation system, we set the
number of symbols to 1048576, with 16 bits for OOK signals
under a 100 kbps AMCC data rate. It is noteworthy that each
measurement for a point in the Fig. 4(a) in the simulation system
takes more than half an hour to complete. Fixing the MI value
and ROP, the performance of the AMCC signal becomes worse
with the AMCC symbol rate increasing. In addition, we find that
the performance of QPSK signal changes very little when the
AMCC symbol rate increases. However, it is obvious that under
100 kbps or 200 kbps AMCC symbol rate the performance of
QPSK signal is better than that under 24 Mbps AMCC symbol
rate. And the BER of the QPSK signal with 22.22% MI is slightly
higher than that with 10.53% MI. The Q versus MI and ROP
under different conditions is shown in Fig. 4(b) and (c). We
discover that when ROP is −36 dBm and the symbol rate is
24 Mbps, the value of Q is larger as the MI increases. And
in Fig. 4(c), as the value of ROP is larger, the performance of
AMCC becomes better which is the same as that of the main
signal.

IV. EXPERIMENTAL SETUP

In order to prove the feasibility of the algorithm, an ex-
perimental design is carried out. The experimental setup for
coherent FDM-PON with AMCC is shown in Fig. 5. Due to
limited experimental conditions at present, we use an ONU



7201009 IEEE PHOTONICS JOURNAL, VOL. 16, NO. 3, JUNE 2024

Fig. 6. QPSK signal results of (a) BER versus ROP in the BTB case; (b) BER
versus ROP in the 20-km case.

Fig. 7. QPSK signal results of the penalty of the QPSK signal versus MI.

to conceptually validate our scheme. In future work, we will
provide experimental demonstrations of multiple ONUs. We use
a 4-subcarrier coherent FDM-PON with each subcarrier carrying
6.25 Gbps QPSK signal and 24 Mbps NRZ signal. As the AMCC
signal bandwidth increases, the BER of AMCC will increase.
24 Mbps is the maximum baud rate of AMCC for error-free in
the case of 10% MI. Due to the limited length of experimental
sampling data and the high transmission rate of the main signal,
the AMCC data rate can’t be too low. We set the AMCC data rate
as 24 Mbps to ensure an adequate number of control signal bits
in the limited length of the sampling data. On the transmission
side, the four-subcarrier signals are generated by DSP in Fig. 5(a)
and then sent to arbitrary waveform generator (AWG, M8194A,
120 GSa/s) converting to analog signals. The analog signals

are modulated by a dual polarization (DP) I/Q modulator and
another input of the modulator is an external cavity laser (ECL)
with a wavelength of 1553.6 nm which is used as the signal light
source. The modulated signals are amplified by an erbium-doped
optical fiber amplifier (EDFA) before being launched into an
SMF of 20-km which is a typical access distance for PON. At the
receiver side, the optical power of the signal (with AMCC signal)
was attenuated by the VOA which emulated the split ratios. As
for different values of transmission power, we set different values
of VOA to adjust the receiver signal power. Another VOA is used
to adjust the LO power. The LO is provided by another ECL with
a wavelength of 1553.6 nm. Then, the power-adjusted signal and
LO are detected by an integrated coherent receiver (ICR). The
detected signals are then captured by an 80 GSa/s digital storage
oscilloscope (DSO, UXR0594A, 256 GSa/s with 59 GHz) and
demodulated by offline DSP.

The generation steps of transmission signals and the demod-
ulation steps of receiver signals by DSP are shown in Fig. 5(a)
and (b), respectively. For the main signal generation steps, the
data is first mapped to QPSK for each subcarrier. After that,
each subcarrier signal is up-sampled by an up-sampling number
of 16 and filtered by a Nyquist pulse-shaping filter with a
roll-off factor of 0.1 in sequence. The AMCC signal is superim-
posed to the main shaped QPSK signal by the multiplication
method mentioned in the second section. The superimposed
signal with AMCC signal is converted to an analog signal by
the AWG. Fig. 5(c) shows the time domain waveform of the
received AMCC signal after smooth filtering. Fig. 5(d) shows
the spectrum of the superimposed signal with the main signal and
AMCC signal. Since the magnitude frequency response of the
system is not flattened, the power of low-frequency sub-bands is
higher than that of the high-frequency sub-bands. To ensure that
each user has a consistent channel resource base and receives a
similar signal power, power pre-allocation is used for the four
sub-bands.

For receiver-side DSP, each subcarrier is processed inde-
pendently. Firstly, the receiver signal of each subcarrier is
down-sampled and down-converted from −15 GHz, −5 GHz,
5 GHz, and 15 GHz. Then the AMCC signal is detected from
the received superimposed signal, and the AMCC signal is
demodulated. The main signal is compensated by the gener-
alized signal orthogonalization and projection (GSOP), CDC,
and clock recovery. After that, the main signal is recovered by
the channel blind equalization algorithm, CMA, FOE, CPE, and
DD-LMS. Finally, the main signal is sent to QPSK to demodulate
and calculate the BER.

When detecting and demodulating the AMCC signal, the
absolute value of the receiver signal is taken to obtain the
positive signal. After absolute rectification, the rectified signal is
smoothed to smooth time-domain waveforms. Then the signal
is energy detected by integration during its period and finally
decided according to a specific threshold of its mean value.

V. EXPERIMENTAL RESULTS

In this section, to verify the feasibility of the multiplication
scheme superimposed AMCC signal in coherent FDM-PON,
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Fig. 8. Spectrum and constellation of the QPSK signal (i) MI = 10.53% @1E-3 (ii) MI = 10.53% @1E-2 (iii) MI = 28.57% @1E-2 (iv) MI = 66.67% @1E-2.

Fig. 9. Results of (a) the NRZ Q versus ROP; (b) the NRZ Q versus MI; (c) the NRZ Q versus AMCC symbol rate.

Fig. 10. Eye diagrams of NRZ signals (i) MI = 10.53% @1E-3 (ii) MI = 10.53% @1E-2 (iii) MI = 28.57% @1E-2 (iv) MI = 66.67% @1E-2.

we initially test the performance of the main (QPSK) signal
with different MI. We select different amplitudes of AMCC
from small to large under several validation scenarios to re-
search the influence of different MIs on the performance of the
main signal, these values have universality. Fig. 6(a) shows the
calculated BER versus ROP with different MI under BTB, in
all tests we notice −37.4 dBm and −34.4 dBm ROP for QPSK
signal without AMCC signal at the threshold of 1E-2 and 1E-3.

And as the value of MI is larger, the value of ROP is higher
under the same threshold. We discover the ROP of the QPSK
signal with 10.53% MI is nearly −36.9 dBm at the threshold of
1E−2 and −34 dBm at the threshold of 1E-3. There is nearly
0.5 dB and 0.4 dB D-value between 0 and 10.53% MI at the
threshold of 1E-2 and 1E-3. We found the worst situation when
MI is 66.67%, the ROP of the QPSK signal is −34.6 dBm and
−30.9 dBm, respectively. For this case, we found there is about
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2.8 dB and 3.5 dB between 0 and 66.67% MI at the threshold
of 1E-2 and 1E-3, respectively. The calculated BER versus ROP
with different MI under 20-km SMF transmission is shown in
Fig. 6(b). We notice there is a slight difference between the
QPSK signal under BTB and 20-km SMF, and the performance
of the QPSK signal under 20-km SMF transmission is a little
worse than under BTB. In this situation, we notice −37.3 dBm
and −34.3 dBm ROP for QPSK signal without AMCC signal
at the threshold of 1E-2 and 1E-3. And as the value of MI is
larger, the trend is the same as the situation under BTB. And
the performance is also the worst when the MI is 66.67%. We
found when the QPSK with 66.67% MI, the ROP of the QPSK
signal is −34.3 dBm and −30.5 dBm, respectively. There is
nearly 3 dB and 3.8 dB D-value between 0 and 66.67% MI at the
threshold of 1E-2 and 1E-3. In Fig. 6(a) and (b), (i), (ii), (iii) are
constellation chart with 0, 22.22% and 50.00% MI under BTB
and 20-km SMF, respectively. From these constellations insets,
we can find the performance of QPSK signal is worse as the
MI value becomes larger. Comparing to the simulation results,
under the same MI value, the experimental results exhibit lower
sensitivity. This is attributed to the fact the simulation system
is more ideal without bandwidth limitations and quantization
noise.

Fig. 7 shows the penalty of the QPSK signal versus MI under
different situations. As the values of MI become larger, the
penalty of the QPSK signal between two different MI becomes
higher. At the threshold of 1E-2, there is nearly the same under
BTB and 20-km SMF transmission when the QPSK MI is the
same. However, at the threshold of 1E-3, there is still a little
difference between BTB and 20-km SMF transmission when
the MI of the QPSK signal is the same and the difference is
higher as the MI is larger.

When we consider the most extreme case, that is, four sub-
carriers transmit QPSK signals, the result is shown in Fig. 8(iv).
Under a BER threshold of 1E-2, when the value of QPSK signal
MI is 66.67%, we found that the constellation in the case is with
the worst performance. Other more general situations are shown
in (i), (ii) and (iii) of Fig. 8. We can see the value of MI affects the
performance of the QPSK signal. As the value of MI increases
and the BER threshold decreases, the constellation of the QPSK
signal becomes blurry, and performance deteriorates.

For AMCC signal, in order to research the performance of the
AMCC signal, we test the value of NRZ signal Q in different
cases. Since the AMCC symbol rate impacts the performance of
the AMCC signal, we test the Q versus AMCC symbol rate when
MI is 10.53% and 22.22%. In Fig. 9(a), the value of Q becomes
smaller as the AMCC signal rate grows. Q is the quality factor
of the signal, the value of Q is larger, and the performance of
the AMCC signal is better. Fig. 9(b) shows the calculated Q
versus MI under BTB and 20-km SMF transmission. The value
of Q is larger with the MI increasing both under BTB and 20-km
SMF transmission. And the value of Q under BTB is basically
consistent with the value under 20-km SMF transmission. The
calculated Q versus ROP with several MI under BTB transmis-
sion and 20-km SMF transmission is shown in Fig. 9(c). The
performance is much better as the value of ROP becomes larger.
And there is a slight difference of Q between BTB and 20-km

SMF. The AMCC signal under BTB and 20-km SMF perform
best with 66.67% MI, and the Q value is nearly 12dB when the
ROP is −36 dBm. However, when the value of MI is 10.53%,
the AMCC signal under BTB and 20-km SMF both perform
worst, and the value of Q is nearly 5.5 dB when the ROP is
−36 dBm. In the simulation system, the Q factor of the AMCC
signal is higher, indicating superior performance of the AMCC
signal.

Fig. 10 shows the signal eye diagram of the AMCC signal
under different cases when (i) MI = 10.53% @1E-3, (ii) MI =
10.53% @1E-2, (iii) MI = 28.57% @1E-2, (iv) MI = 66.67%
@1E-2. In the eye diagram, the height of the eye-opening indi-
cates the value of Q. Obviously, the performance under 66.67%
MI is better than that under 10.53% MI. So we notice that MI and
BER threshold both affect the performance of the AMCC signal.
With the value MI increasing the performance of the AMCC
signal becomes better, and with the BER threshold increasing
the performance of the AMCC signal becomes worse.

VI. CONCLUSION

In this work, we utilize AMCC to transmit control information
in the coherent FDM-PON. AMCC transmits control informa-
tion through envelope modulation in the time domain, avoiding
additional time slots and bandwidth, which reduces the system
latency. In this paper, we propose a novel extraction algorithm
for detecting AMCC signals. The receiver DSP blocks for the
AMCC signal and the main signal are in two separate branches.
We use smooth filtering and energy detection to determine NRZ
symbols and extract the AMCC signal from the main signal.
And we use the VPIphotonics Design Suite simulation system
to verify the feasibility of the proposed scheme for coherent
FDM-PON system and explore the minimum symbol rate for
AMCC. Finally, we demonstrate a 4-band coherent FDM QPSK
PON system with a total data rate of 100 Gbps in the case
of carrying a 24 Mbps NRZ-AMCC signal. AMCC can serve
as a promising solution for low-latency coherent FDM-PON
systems.
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